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(Received 14 May 2012; accepted 24 July 2012; published online 6 August 2012) Epitaxial Ge 2 Sb 2 Te 5 films grown on Si(111) by molecular beam epitaxy were reversibly switched between crystalline and amorphous states over a large area using femtosecond laser pulses. The structural and spatial homogeneity of the as-grown epitaxial and laser-switched areas on the sample were investigated by synchrotron nanofocus high resolution x-ray diffraction. The investigation clearly demonstrated that the single crystalline metastable cubic phase of Ge 2 Sb 2 Te 5 is restored after switching. No polycrystalline features, not only on the average but even on the nanometer scale of the x-ray beam, were observed. Advances in multimedia applications and the Internet have driven the development of ever faster and denser memories. One of the most promising approaches is the use of the crystal-to-amorphous phase transition in phase-change materials. 1 In the latter, the property contrast between the crystalline and amorphous phases serves to encode information. Multicomponent Te alloys, primarily quasi-binary Sb 2 Te 3 À GeTe alloys, have been identified as the most auspicious class of materials for future electronic memory. 2, 3 Those compounds exhibit atypically large differences in optical/electronic properties, excellent scalability, switching speeds, and retention. 4 For Ge 2 Sb 2 Te 5 (GST) the long-standing consensus on the amorphous phase is that it is obtained by melting the crystalline material by a high-energy laser or current pulse, followed by subsequent rapid cooling, quenching it into an amorphous state whose random structure is representative of the supercooled liquid. 5 In the re-crystallization process, nuclei driven by thermodynamic fluctuations form with arbitrary orientation leading to the growth of a polycrystalline layer. 6 It is important to note that previous studies of femtosecond (fs) irradiation effects have been performed on samples for which the crystalline phase was obtained by annealing as-deposited amorphous films which are necessarily polycrystalline. The crystallization of sputtered films using fs-laser radiation resulted in a polycrystalline crystal structure as well. 7 Grain boundaries present in these films may affect the properties of the crystalline phase and act to obscure the details of the switching process, i.e., the bond re-arrangements that occur during the formation of the amorphous phase.
To overcome this limitation, in the present study we have investigated the structural properties of as-grown epitaxial and fs-laser-switched single-crystalline samples. The films were subsequently structurally characterized by nanofocus high resolution x-ray diffraction (nHRXRD) unambiguously demonstrating that epitaxial Ge 2 Sb 2 Te 5 can be recrystallized from the amorphous state back into the singlecrystal that it originated from. Molecular beam epitaxy has been employed to fabricate epitaxial phase change films, of composition Ge 2 Sb 2 Te 5 , in the metastable cubic phase with a unique crystalline orientation. A detailed description of the sample preparation can be found in Ref. 8 . The samples investigated in the present work are epitaxial GST films of 50 nm thickness, grown on Si(111), protected with a thin amorphous Si x N y cap of 10 nm thickness to prevent oxidation of the layer.
For the switching experiment, the sample was irradiated by light from a regeneratively amplified Ti:Sapphire laser. Laser pulses of 800 nm wavelength were compressed to 180 femtosecond (fs) duration. The pulse power was adjusted by the use of absorption filters. The sample structure was modified by a series of laser pulses. The initial amorphizing pulse had a power density of 12 mJ=cm 2 . The resulting amorphous spot could be recrystallized stepwise by irradiation with lower power density laser pulses of 2 mJ=cm 2 . For the x-ray experiment four different spots on the epitaxial film, each approximately 700 lm in diameter, were prepared.
With the advancement of synchrotron radiation sources, x-ray focusing, employing Si compound refractive lenses, to a beam waist of less than 100 nm has been demonstrated. 9 nHRXRD combines the high resolution structural information from diffraction with nanometer resolved spatial information making scattering information from individual crystal grains accessible. In this study a beam size of less than 150 nm vertically and 200 nm horizontally, at a beam energy of 15.25 keV, was used to spatially resolve the structure within the laser switched areas of epitaxial GST films. The diffraction signal from the sample was recorded in transmission using a fast read out, low noise charge coupled device camera (CCD). Each irradiated spot was scanned using a 71 Â 71 position matrix with a 2 lm spacing between positions for a total of 5041 individual images. spot on the as-grown epitaxial sample. The diffraction from GST (220) netplanes is clearly visible, as highlighted in the magnified image shown in Fig. 1(b) . The magnified area is indicated by the white square in the total image of Fig. 1(a) . The diffraction peak is sharp and not distributed over a ring; therefore, polycrystalline domains can be excluded on the scale of the beam size. Nevertheless, the peak exhibits an enhanced peak broadening along the angular direction of the scattering vector. In addition to the diffraction from the GST film, a contribution from the thermal diffuse scattering (TDS) in the Si substrate is also visible. All of the bright spots in the image, with the exception of the GST (220) peak, are due to the TDS in the Si substrate and not due to crystal diffraction. 10 The bright spots in reciprocal space are close to reciprocal lattice points of the Si lattice at which the thermal acoustic phonon population is high.
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For comparison, Fig 1(c) shows a similar image from a polycrystalline reference GST film deposited by magnetron sputtering. Polycrystalline rings, corresponding to the different GST net planes, are clearly visible. No azimuthal preferred orientation is present; thus, the diffraction intensity is homogeneously distributed over each ring. The granular structure visible within each ring is due to the ultra-fine beam focus which allows the probing of a small number of individual grains, each with an individual orientation. As the center of the camera was aligned to the direct x-ray beam, the magnitude of the scattering vector increases with increasing distance from the center. The scattering vector lengths corresponding to the individual rings match well those reported for the metastable cubic phase of GST.
12 Figure 2 presents the results of the structural investigation of the laser switched spots in the epitaxial GST film by nHRXRD. The spatial shape of the laser spot is ideally a Gaussian function in the two lateral dimensions on the sample surface; however, due to the presence of several optical elements in the laser setup the beam shape is somewhat distorted. As the epitaxial layer is grown in the metastable cubic form, the first high power laser pulse serves to amorphize the crystalline layer. Fig. 2(a) shows an optical micrograph of a spot that was amorphized with one high power pulse, surrounded by a large area of the epitaxial cubic film. Due to the large optical contrast between the amorphous and crystalline material the amorphous mark is apparent. Fig. 2(b) is a higher resolution micrograph of again a spot that was amorphized with one high power pulse. Fig. 2(d) is an optical image of a spot that was amorphized with one high power pulse and subsequently irradiated by ten low power recrystallization pulses, respectively (for recrystallization, a single pulse did not fully recrystallize the spot, hence the necessity to use 10 pulses; larger numbers of pulses had no further effect on the crystallinity). On the right of the optical microscopy images, the corresponding spatially resolved diffraction information (Figs. 2(c) and 2(e)) for each investigated laser spot is shown. For the construction of the spatial x-ray image, the normalized integrated intensity of the GST (220) peak for the region of interest indicated in Fig. 1(b) was evaluated, and this value was plotted at the position in the image corresponding to the spatial position of the x-ray beam on the sample. In short, for each spatial position of the x-ray beam on the sample the intensity in the GST (220) Bragg peak is plotted. Each laser spot was sampled using the nanobeam at a 71 Â 71 matrix of positions spaced by 20 lm. In optical microscopy the amorphous regions in the spot appear optically darker due to the higher reflectivity of the crystalline state of GST in the visible light range. In x-ray diffraction, the amorphous regions appear less intense as well, due to the reduced number of coherent x-ray scatterers. Only at the very central region of the laser-spot does the x-ray intensity of the GST (220) peak completely vanish into the background. This indicates that the laser penetration depth in the layer is not uniform over the entire spot and extends through the entire layer thickness only in the center region. After the initial high intensity amorphization pulse (amo. pulse), the central part of the spot appears much darker (Fig. 2(b) ). The gray area in the optical images at the edges of the laser spot are attributed to structurally mixed areas with both amorphous and crystalline regions at different depths in the film. Exposing the amorphous spot to 10 recrystallization pulses reverts it to a higher reflectivity state as shown in Fig. 2(d) . The reflectivity is similar to, but different from the reflectivity of the as-grown crystalline state.
Evaluating the structural information yields the same result ( Fig. 2(e) ). The absolute intensity of the GST (220) Bragg peak returns on average 95% of its initial value in the as-grown epitaxial form. As the integration region around the GST (220) Bragg peak defines a very limited region in reciprocal space and excludes any polycrystalline contribution, the crystal lattice in the laser-spot unambiguously returns to its single-crystalline form. This behavior has been confirmed for other Bragg peaks such as the (11 1)-peak (not shown). As the beam probes the structure on the nanometer scale, this statement is true for all individual grains probed by the x-ray beam and consequentially the average as well. The remaining grayish areas at the edges of the laser spot at the border of the non-switched as-grown epitaxial films contain small remaining amorphous regions which are attributed to inhomogeneities in the intensity of the laser. It is noted that optical reflectivity is very sensitive to phase shifts at interfaces and hence offers little sensitivity to amorphous regions deeper in the sample.
A detailed investigation of the Bragg peaks reveals a lattice constant of 5.93(5)Å for as-grown epitaxial GST with a NaCl-type unit cell, which is 1.3(6)% smaller than the literature value for polycrystalline GST of 6.012 Å . 13 In the recrystallized regions the diffraction intensity returns to a value close to that of the as-grown epitaxial sample, but with a small shift of the peak position. The lattice relaxes towards a larger lattice constant by about 1.2% resulting in a final lattice d-spacing of 6.01(5)Å in agreement with the polycrystalline value. For GST films that were crystallized from sputtered amorphous material on an amorphous glass substrate using fs-laser pulses, the resulting structure was found to be polycrystalline with slightly smaller lattice d-spacings than the crystalline structure of the same films obtained by annealing. 7 This reflects the strong influence of the Si(111) template during epitaxy for single crystal GST. The half-width of the peaks also slightly increase, corresponding to a reduction in the domain size after recrystallization. There are different possible explanations as to why the integrated x-ray intensity does not return to 100% of its initial value. First, the entire volume of the spot may not have switched back along the film depth direction, as the layer thickness exceeds the penetration depth of the laser beam, in addition to the non-ideal beam profile of the switching laser. Second, the observed shift of the lattice constant of 1.3% corresponds to an altered electron density and reflectivity, respectively. Beam damage to the film due to the high x-ray intensity becomes significant after 50 s of continuous exposure at a fixed position and is thus negligible for the present results for which the maximum exposure time per position amounted to 2 s.
In conclusion, nHRXRD non-destructively revealed the crystal structure of epitaxial Ge 2 Sb 2 Te 5 on Si(111) on the nanometer scale of the beam size. Most notably, the observation that the intensity fully recovers in the small region of interest defined around the asymmetric (220) Bragg peak unambiguously demonstrates that the single crystalline domains completely recover their initial out-of-plane and in-plane orientation, despite the fact that homogeneous nucleation has been reported to be the dominant crystallization process in Ge 2 Sb 2 Te 5 which ought to result in a polycrystalline layer. 6 This result demonstrates that the amorphous phases possess latent memory of the initial crystalline phase, or the influence of the single crystal interface plays a crucial role in the crystal nucleation and subsequent growth. Upon recrystallization, the positions of the peaks in reciprocal space demonstrate that the lattice constant changes towards the literature powder value within the accuracy of the experiment upon recrystallization. The diffraction peak slightly broadens and the maximum peak intensity decreases, while the integrated intensity fully recovers. This indicates a decrease of the in-plane domain size during recrystallization, as qualitatively supported by a domain size analysis. Further studies are currently underway.
